Ten young normal adults had pelvic and lumbar vertebral body bone marrow blood flow examined using ['sO]water and positron emission tomography (PET) in a study designed to assess the feasibility and reproducibility of the PET technique for measuring marrow blood flow to various marrow regions. The procedure was well tolerated. Repeated blood flow measurements obtained from two consecutive [lsO]water exams on each individual subject were highly reproducible. In addition, there was minimal variation in marrow blood flow from individual to individual and no gender differences were noted. In contrast, mean & SD bone marrow Mood flows (expressed as milliliters per min-HE TWO SOURCES OF blood supply of hemopoietically active bone marrow are the nutrient arteries and capillaries from the muscular arteries.' The nutrient arteries, the primary source, enter the marrow cavity and ultimately divide into sinusoidal networks. These networks are the principal site of nutrient exchange between the blood and the marrow cells, including both stromal cells and hematopoetic cells.'-3 The sinusoidal networks or sinuses drain into the central sinus of the marrow cavity. Blood then exits the marrow cavity and enters the venous circulation through emissary veins. ' Whereas the vascular anatomy of the bone marrow is well defined, the level of blood flow or perfusion is incompletely understood. The current investigations were designed to determine the blood flow within the pelvic and lumbar spine bone marrow in young normal subjects using positron emission tomography (PET). The results of these studies will be useful in defining normal physiology and as a standard to determine whether blood flow abnormalities are associated with a variety of bone marrow disorders.
Ute per 100 g) at selected anatomical sites were significantly different and were as follows: lower lumbar vertebral bodies, 1 7.6 2 3.1 ; most posterior and superior pelvis (conventional site of percutaneous bone marrow biopsy), 14 .3 2 3.1;andtotalsuperiorpelvis. 11.1 2 2.0. Weconclude that PET is a relatively noninvasive, simple, and reproducible technique for measuring bone marrow blood flow. Marrow blood flow is consistent between normal young subjects, but varies significantly between different anatomic regions of the marrow.
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blood counts. Apart from 2 of the subjects who were taking oral contraceptives, none of the subjects were taking any medications at the time of the PET examinations. All subjects had normal complete blood counts, which included hemoglobin and hematocrit values, white blood counts with differential values, and platelet counts within 15 days of their PET examination. Before enrollment, each subject signed an informed consent statement that had been approved by the University of Iowa Radiation Protection Committee and the University ofIowa Institutional Review Board for the study of human subjects. All subjects fasted for 4 hours before the PET study. fmaging technique. The [150] water procedure for the determination of regional blood flow in units of milliliters per minute per IO0 g of tissue was as follows. Under local anesthesia, radial arterial and venous catheters were placed in the nondominant and dominant arms, respectively. The supine subject was positioned "feetfirst" (for subject comfort) within the scanner gantry. The laser light guides (indicating slice I ) were aligned using clearly defined palpable pelvic landmarks: the anterior-superior iliac spines and the superior aspects of the posterior iliac crests. This assured that at least the superior half of the pelvis, lower lumbar spine, and the distal aorta were within the field of view. A system of pliable foam supports and an immobilizer/positioner (Calergo; Victoreen, Carle Place, NY) were used to immobilize the subject in the same position duringall scan acquisitions. The laser line system was used to detect and subsequently correct subject motion. Transmission images (approximately 30-minute acquisition time with a minimum of 15,000,000 counts) were taken with a [68Ge]germanium pin source for attenuation correction ofthe emission images. The transmission images appear like c o a x computer tomography (CT) scan images. Like conventional CT images, these images represent the tissue densities. Without changing the subject's position within the scanner, emission (["Olwater) images were then acquired. Fifteen simultaneous slices ( 10 cm axial field of view) were obtained at a resolution of 5.5 mm in three dimensions with the GE-4096 Plus whole-body PET system (GEMS, Milwaukee, WI).
[150]oxygen was produced by irradiation of 1% oxygen in nitrogen with 8.3 MeV deuterons from an on-site MC-I7F cyclotron (Scanditronix, Uppsala, Sweden). The production involved continuously sweeping the cyclotron target with gas (1% OZ/N2). The resulting [150]oxygen and nitrogen were then piped directly to the imaging suite, where it was combined with hydrogen and converted catalytically (0.5% palladium on ' / S inch alumina pellets at approximately 100°C) to [''olwater, which was trapped immediately into sterile saline for injection.
At time = 0 seconds, a bolus injection of 50 to 75 mCi of ["OI- For personal use only. on October 23, 2017. by guest www.bloodjournal.org From water in 5 to 7 mL saline was administered through the venous catheter and was immediately followed by a 20-mL saline bolus flush. Arterial blood sampling and imaging began at the time of injection (t = 0) and continued for 360 seconds. Arterial blood sampling consisted of discrete arterial samples drawn at a rate of 0.5 mL every 5 to 6 seconds for 20 samples, then at a rate of 0.5 mL every 10 to I2 seconds for 20 samples. Discrete blood samples were immediately capped and weighed, and the radioactivity was counted in a well counter (Canberra Model 727, Meriden, CT). All blood radioactivity counts were deadtime and decay-corrected. These values were converted from well counts to PET counts based on a previously determined calibration factor.
Emission imaging consisted of the acquisition of either 36 10-second frames or 12 5-second frames foliowed by 30 IO-second frames. To determine the time-course ofbolus transit, time-activity curves were generated for regions of interest placed over one or more major vessels (e& aorta) within the field of view. The frames representing the first 60 seconds immediately post-bolus transit were summed forming a static image. The summed image was reconstructed into 4 mm pixels in a 128 X I28 matrix using a Butterworth filter (order, 6; cut-off frequency, 0.35 Nyquist) on a VAXstation 4OOO (Digital Equipment Corporation, Maynard, MA). Using the above described image, blood curve (expressed in PET counts), and an assumed partition coefficient of 0.90, the regional blood flow was calculated on a pixel-by-pixel basis (ie, construction of the parametric image) based on equation 2 presented below. A partition coefficient of 0.9 was chosen because it is consistent with literature values for tissues such as brain, heart, kidneys, and tumor. Significant alterations in the partition coefficient in the range of flows relevant to this study have little effect on overall blood flow determinations calculated from the autoradiographic method. ' The reconstruction software incorporates a scatter correction for all images produced on the GE4096 Plus camera and routinely reconstructed. The scatter correction method used was described by Bergstrom et al. ' No other scatter corrections (specific to bone/soft tissue) were applied. The above detailed emission imaging procedure was repeated for a second ["Olwater injection 15 minutes after the completion of the first [l'olwater emission study.
Theory ofbloodflow measurement.
["OIWater is a diffusible radioactive tracer used to determine regional blood flow. The theory behind this application is based on Kety-Schmidt's single compartment model for diffusible tracers!. ' When a single, static image is acquired, the following equation describes the activity in the tissue:4.a1s
where Ct(t) is the time varying radioactivity concentration (mCi/ mL or counts/voxel) in tissue; C,,(t) is the time varying radioactivity concentration (mCi/mL or counts/s/mL) in arterial blood, f is the local mass specific blood flow (eg, mL/min/100 g tissue); p is the tissue-blood partition coefficient for water (a unitless quantity expressed as a ratio o f a e distributional volumes, eg, mL of blood/mL of specified tissue); X is the decay constant (defined as the natural log of 2 [ie, In 21 divided by the tlI2 of the nuclide in units appropriate for the equation) for ["O] (ie, 5.66 X IO-' S-'); and @ is the convolution. PET images are not instantaneous count rates (ie, counts acquired over an infinitesimally small period of time), but rather are the counts determined over a finite period of time (eg, seconds). Therefore, the determined count rate values are represented by the integral over the scanning interval (t = TI to Tz). If the half life of the tracer is sufficiently long to permit complete equilibrium (ie, the entire distribution volume), the partition coefficient, p, would approach the theoretical value of 1 .O. Because the [150]water does not completely distribute to all available spaces within the short period of image acquisition and within the useful limits of ["O] decay (ie, 1 to 2 half lives = 122 to 244 seconds), a fixed value, less than 1, of the tissuablood partition coefficient, p, is assumed (such as 0.9, which is the assumed value for brain)." Under these conditions, the equation: has only one unknown, f, which was estimated by using a look-up table." The left-hand side of equation [2] is the actual PET measurement or image. This image is a compilation of counts originating in all structures simultaneously, because the cellular and capillary sizes (eg, 10 pm) are much smaller than the scanner resolution dimension. Implementation of this approach requires (I) measurement of total [I'o]water activity in regions of interest from time = TI to T2; and (2) measurements of total [lSO]water activity in arterial blood from time = 0 (ie, injection time).to T (a time greater than T2).
Image inferprefafion and analysis. The transmission images and each set of [''O]water parametric images were visually inspected. Regions of interest were referenced to the transmission images and handdrawn on several portions ofthe bone marrow cavity in the pelvis and lower lumbar vertebral bodies. Although the resolution ofthe scanner does not permit perfect separation ofthe edges ofthe bone cortex from the marrow, the higher resolution transmission images allowed the region of the bone marrow cavity to be easily identified. Regions of interest were carefully drawn so that they encompassed predominately bone marrow cavity; based on the significantly greater volume of the marrow cavity compared with cortex in these regions, only a minimal inclusion of bone cortex would be expected. The regions of interest from each subject's transmission images were individually transferred to the exactly registered (ie, the transaxial slice at the same anatomic level) ["O]water parametric images (Fig 1) . The transaxial slice containing the most posterior and superior region detected on the transmission image was identified as the customary sites for posterior iliac crest biopsies and was used as the reference slice in each subject (Fig 1) . Three slices superior to the reference slice and two slices inferior to the reference slice were used to determine the mean right and left superior hemipelvic and the total superior hemipelvic regional blood flow. Vertebral body regions of interest were drawn on any image that clearly demonstrated this tissue.
The mean blood flow values in specific anatomic regions that extended over multiple image slices were determined from an average of the values weighted by the total number of pixels in the regions of interest from each slice. This process was used to determine the regional blood flow to the superior pelvis, to the right and left hemipelvis, to the lumbar vertebral bodies (including L4 and L5 in all subjects, and L2 to 3 when it was in the field of view), and in the most posterior and superior region of the iliac crest corresponding to the site of bone marrow biopsy. Mean value k standard deviation was determined for each designated region ofthe bone marrow. The Stqdent's t-test was used to determine if differences in blood flow were statistically significant.
RESULTS
Figure 2 depicts arterial blood, bone marrow, and soft tissue time-activity curves derived from one subject. These regions of interest were hand-drawn on the transmission image and transferred to the registered emission scan as described above. The bone marrow regions of interest in Fig  2 were vertebra number five. The regions of interest for the soft tissue (right hip and left hip) were oval in shape, chosen lateral to each hemipelvis at the level of lumbar vertebra number five, and principally reflected activity in the gluteal muscle. The right region was 18.1 cm2 and the left region was 2 1.3 cm2 in size. The curves show the distinct difference in blood flow over time between the bone marrow and adjacent soft tissue (gluteal muscle).
The effective spatial resolution of the tomographic slices was approximately 9 mm in three dimensions. The regionof-interest dimensions were all greater than 12 mm. Over the range of time that the blood flow data were collected (as described above in the Materials and Methods) there did not appear to be significant "hot spots" in close proximity to the chosen bone marrow regions of interest. The bone marrow regions of interest were generally distinctly separated from other (typically low count) activity in the image. Table 1 shows the mean regional bone marrow blood flow in the two sequential PET studies performed on all subjects. There was no statistically significant difference detected in blood flow in each of the regions when comparing the first (PET 1) and second (PET 2 ) studies. The data from both PET [I50]water examinations were analyzed for males and females (Table 2); no significant difference was detected between these two groups in any of the regions. Table 3 presents the blood flow data derived from both PET ["O]water examinations in all subjects to the pelvis and lumbar vertebral bodies (mean k SD). The bone marrow blood flow to the most posterior and superior aspect of the pelvis was 14.3 f 3.1 mL/min/ 1 0 0 g. This blood flow value was significantly higher than the marrow blood flow to the entire superior pelvis, which was 1 1.1 f 2.0 mL/min/ 100 g ( P < .O 1). Vertebral body blood flow was 17.6 k 3.1 mL/min/100 g, and was the highest blood flow detected. It was significantly higher than marrow blood flow to the pelvis ( P .001) and to the most posterior and superior aspect of the pelvis ( P < .00 1). DISCUSSION marrow disorders. Nevertheless, there are a number of marrow abnormalities, including myelofibrosis and many cases of aplastic anemia, that are not well understood. Whereas assays capable of measuring blood flow and perfusion in a variety of nonhematopoetic organs have proven to be invaluable in understanding the pathophysiology and effects of treatment on a broad range of disease states, little is known about marrow blood flow. It is quite possible that physiologic parameters, such as blood flow, which cannot be measured by examination of small random bone marrow samples, could improve our understanding of these disorders. Furthermore, little is known about the impact of therapy on marrow blood flow. The studies described above show that the blood flow to specific portions of the marrow can be measured using PET.
Recent advances in histologic, immunologic, and genetic techniques have taught us much about the etiology of many
The mean blood flow to the entire pelvis and the most posterior-superior aspect of the pelvis was 1 1. l f 2.0 and 14.3 & 3.1 mL/min/100 g, respectively. To place this into perspective, Huang et all3 reported that the regional cerebral blood flow using an ["O]water technique was 59 k 1 1 and 20 f 4 mL/min/100 g (mean f SD) for gray and white brain matter, respectively. Resting myocardial blood flow in normal volunteers has been reported to be 90 mL/min/ 1 0 0 g by Bergmann et
The PET technique described above has the advantage of being relatively noninvasive and offering superior resolution when compared with alternative methods of human bone marrow blood flow measurement. Local marrow blood flow rates in humans have been studied using methods based on clearance rates of ['311 ]iodine'7 and ['33Xe]-xenon.'* However, the [13'I]iodine technique is invasive, and requires an intramedullary injection of the radionuclide. The resolution ofthe [ '33Xe]xenon images is distinctly inferior to images produced using PET with [''O]water. For example, it would not be possible to discern smaller regions of interest, such as the most posterior and superior portion For personal use only. on October 23, 2017. by guest www.bloodjournal.org From PET also has the advantage of using the transmission images (as an attenuation map) to compensate for attenuation of the signal from the marrow by tissues surrounding the bone marrow. However, because of the finite spatial resolution of any PET system, there is a potential for a partial volume effect. The partial volume effect is negligible when the area of interest is larger than twice the system spatial resolution as specified by the full width at half maximum (FWHM) of the system response function. As the size of the object area decreases past this bound, the measured activity in the region becomes correlated with the activity in the surrounding tissues. This can lead to an artificial variability in the measured blood flow if the regions are on the same order of or smaller than twice the FWHM. Our PET system's FWHM (including the reconstruction filter) was 9 mm. The smallest dimension of the regions used in this study was 12 mm (3 pixels, each 4 mm). For an elongated object of this size and shape, one would obtain an apparent reduction in blood flow of no greater than 15% (resulting from the partial volume effect) if the blood flow in the surrounding tissue were O.I9 The marrow blood flow values are reported for the entire region of interest and, because the portions of the regions that were 3 pixels represented only a very small fraction of either the right or left hemipelvic regions, we expect that the actual blood flow reduction caused by partial volume effect is less than 15% in these regions. Therefore, although this limitation to PET measurement of pelvic marrow blood flow is real and must be recognized, no corrections were made for the relatively small flow reduction.
In an effort to simplify and make the measurement of marrow blood flow with PET less invasive, we are currently using a technique that eliminates the need for arterial blood sampling. Instead, 3 to 5 samples of peripheral venous blood are used to monitor the blood activity of [150] water. The
[I5O] activity levels of these samples are used to derive the activity present in the arterial blood. Avoiding arterial sampling in this manner will allow for the evaluation of a wide spectrum of patients with serious hematologic disorders who otherwise could not be studied because of contraindications to arterial sampling. Quantitative analysis of pelvic bone marrow blood flow in patients with marrow disorders, as determined by [I50]water studies, indicates that changes in blood flow do occur in patients with abnormal bone marrow. For example, the marrows from 3 of 4 patients with acute myelogenous leukemia displayed blood flows that were approximately 2 to 3 times the level seen in normal subjects, but returned to the normal range after chemotherapy (abstract submitted, The American Society of Hematology, 1993). Thus, quantitative determination of blood flow to abnormal bone marrow can be made using PET.
In conclusion, this study demonstrated intrasubject regional blood flow, as measured by PET after the administration of ['50]water, was highly reproducible. Furthermore, measurements were remarkably consistent between young adults, and no significant differences were detected between male or female subjects. However, significant and consistent regional differences in marrow blood flow were noted with the highest blood flow being seen in the vertebral bodies. Blood flow to the region of the iliac crest commonly biopsied (most posterior and superior region on the scan) was modestly though significantly higher than the total pelvic blood flow. Further studies using this technique should allow for the assessment of this as yet minimally explored aspect of human physiology. The ability to measure marrow blood flow reproducibly and accurately will allow for comparison of marrow blood flow to a number of other parameters such as percent marrow cellularity, marrow differential, subject age, the presence of underlying disease, or response to therapies such as hematopoietic growth factors or antileukemic medications. 
